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Abstract: This study investigates suitability of weak foundation soils for supporting the 12m high 
eastern approach earth embankment of Al Halfaya Bridge. The subsurface soils consist of soft silty 
clays and very loose to medium dense silty sand alluvial soils extending to 15m depth. Analysis of 
the results of a comprehensive geotechnical investigation carried out showed that the naturally 
occurring soils possess low bearing capacity and are expected to undergo excessively large 
settlements under the proposed embankment loads in case such soils have been treated. The soil 
investigation results also revealed that they have a very high potential for liquefaction in the event 
of an earthquake occurrence. A theoretical evaluation of the „sand compaction piles, SCP‟ method 
for soil treatment is made in this study for improving the geotechnical characteristics to attain 
foundation soils adequately capable of supporting the proposed embankment safely. This has 
been resolved through the installation of sand piles with 1.1m diameter spaced at 2.5m interval 
distances in a square pattern. This design of SCP was found to improve the soil bearing capacity 
of originally weak foundation soils by 190%, to reduce consolidation settlement is reduced by 35%, 
to increase the safety factor against embankment slopes failure by 155% and significantly reduce 
the risk of soil liquefaction during any earthquake event. 
Key words: sand compaction piles, soil improvement, high embankments, weak soils, soil bearing 
capacity, soil settlement, slope stability, soil liquefaction.    
 
لاصلختسم :تيباشح تييدس ءاشَلإ تفيؼض طاسا تبشح تيساشقخسا ذحبح تساسذنا ِزهافحساب  ع12مخذي ذُػشخي   
يقششنا ايافهحنا يشبك . ينإ تككفي تيهيس تيًط تقبط و تفيؼض تيًط تيُيط تقبط ٍي غقىًناب تيخحخنا تبشخنا ٌىكخح
  يناىح قًػ ينإ  ةذخًي تفازكنا تطسىخي15 شخي  . ِزه مًحح ةىق ٌا فزكًنا يُقحىيجنا ذحبهن ميهحخنا جئاخَ جحضوأ
 اهخجناؼي ىخح ىن ارإ تحشخقًنا تييدشنا لاًحا تجيخَ ذيذش طىبه دوذح غقىخيو تفيؼض تبشخنا. تبشخنا ميهحح جئاخَ
ايهَلان تهباقنا تبشخنا صئاصخ اهن تبشخنا ٌأ اضيا جحضواستيضسأ ثاضه عىقو تناح ًف  . ةذًػلأا تقيشط ىييقح ىح
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ٌاياب تحشخقًنا تييدشنا  مًحخخن تبشخنا صئاصخ ٍيسححو تجناؼًن ايشظَ تكىيذًنا تيهيشنا . ىيًصخب ايشظَ ىح ازهو
  اهشطق تيهيس ةذًػا1.1 ثافاسًب تػصىي شخي 2.5تيػابس تبيكشخبو شخي  . ٍي ٍسحي ةذًػلاا ِزه واذخخسا ٌا ذجو
 يناىح تبشخنا مًحح ةىق%190 تبسُب بهصخنا طىبه مهقح ،  %35 تيبَاجنا لىيًنا سايهَا ذض ٌايلأا مياؼي ذيضح ،
 ًنإ تييدشهن%155تيضسلأا ثاضهناب اهشرأح شطخ مهقحو  . 
 
 
1. Introduction 
 
The problems related to the design and construction of high earth embankments placed on weak 
and compressible soils i.e. low soil strength (low bearing capacity) and large settlements have lead 
to the development of ground improvement techniques for treating such embankment instability 
problems. Ground improving methods such as the surcharge loading, stone columns, wick drains, 
sand compaction piles and geosynthetic reinforcement, have all been used in various countries to 
accelerate the consolidation settlement rates and enhance embankment stability issues associated 
with construction on weak soils. In Sudan, most the approach earth embankments leading to the 
major bridge projects linking the two banks of the River Nile or its tributaries have to be placed on 
weak alluvial deposits that need treatment to support the overlying high embankment weights. In 
the research study presented in this paper an attempt is made to investigate the suitability of one 
technique for the treatment of a typical situation in which a high earth embankment must be 
constructed of relatively thick deposits of soft and loose soil deposits.  
The study aims at evaluating the safety and stability of an embankment constructed on weak 
natural foundations soils and theoretically investigating the “sand compaction piles” method for the 
treatment of such a type of embankment. The site selected for the study is located at Alhalfaya 
area in Khartoum north town. A very high earth road approach embankment was proposed to be 
constructed on the eastern end of Alhalfaya Bridge built across the River Nile between Khartoum 
North and Omdurman to link it with Khartoum-Atbara highway.  
 
2. Application of the Sand Compaction Piles Method (SCP)  
        for Improving the Behavior of Weak Embankment Foundations  
Sand compaction piles (SCP) of soil improvement techniques act as drains and under favorable 
conditions can significantly decrease the time for primary consolidation to occur. Furthermore, the 
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construction of sand piles reduces the build-up in pore pressure in granular layers, and hence 
decreases the soil potential to liquefy during an earthquake. Sand is often readily available near 
most construction sites, and it‟s considerably less expensive than other processed materials such 
as crushed stone which may have to be imported from a considerable distance by a considerable 
cost. Either bottom feed stone column equipment or sand compaction pile equipment can be used 
to construct sand piles [1].  
 For this reasons the SCP method was selected for performing theoretical analysis required for 
improving the foundation soils under the high embankment. In order to apply the SCP method for 
the case study under consideration, it is important to set up an engineering design that fulfills the 
basic requirements of soil improvement. There are different procedures for the design of sand 
compaction piles and the design procedure adopted in this study is described elsewhere [2]. 
Theoretical analysis was undertaken to design and evaluate the degree of effectiveness of the 
SCP method for improving the weak and compressible soils behavior prevailing at the study site. 
 
3. Geotechnical Design Aspects Related to Building High Earth Embankments  
           on Weak Foundation Soils 
The main geotechnical aspects that should normally be considered in the design and construction 
of high embankments to be supported on weak soil deposits such as soft cohesive soils and loose 
sands include the following : 
 Shear Strength and Bearing Capacity of Foundation Soils. 
 Soil Deformations (settlements). 
 Embankment stability. 
 Soil liquefaction. 
 
Brief accounts are given below on each of the above aspects. 
The stability of an embankment built on weak and highly compressible soils can be evaluated by 
determining the soil shear strength parameters (cohesion and internal friction angle) of the 
embankment and the supporting foundation soil strata using the Terzaghi‟s bearing capacity. The 
coefficient of embankment stability should range from 1.30 to 1.50 depending on the importance of 
the road and the accuracy in determining the cohesion resistance c of the layer [3]. 
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The total settlement of highway embankments under its own weight and other applied traffic loads 
consists of a compression of the embankment material and the settlement of the underlying 
foundation soils. The settlement of soils typically consists of three; initial, primary and secondary. 
The initial settlement is the instantaneous compression that occurs upon load application on soil 
mass. The primary settlement is due to compression of the soil resulting from the gradual escape 
of water from the voids of loaded soil and accounts for the majority of the total settlement. 
Generally the total settlement of an embankment is taken as the summation of compression of 
embankment body and the elastic settlement of foundation soils. As for the compression of the 
embankment material, Sherard et al.[4] indicated that earth fill embankment dams will generally 
settle between 0.1 to 0.4% of their height and recommended that a fairly conservative approach is 
to assume a value of 0.5% for earth fill dams. The elastic settlement of foundation soils is 
calculated by the empirical equations based on field and laboratory tests using methods such as 
that developed by Schmertmann et al. [5]. 
Foundation soils and embankments provide adequate support for highway and other infrastructure 
if the imposed stresses do not exceed the shear strength of the embankment soils or underlying 
strata. Overstressing the embankment or foundation soil may result in embankment slope failures.  
The factor of safety which may be defined as the ratio of the allowable shear strength to mobilized 
shear strength is used in design to account for uncertainties with respect to about the reliability of 
the soil parameters that should be considered in slope stability analysis, such as the soil strength 
and stratification. Typically, the minimum factor of safety for slope stability of a newly constructed 
embankment ranges from 1.3 to 1.5 [6]. The values of factor of safety are defined considering the 
likely slope failure modes and shear strength of fill soils. 
For the evaluation of liquefaction behavior of soils during an earthquake, a method based on 
cumulative extensive measured field and laboratory data has been developed and extensively 
applied in Japan [7]. The soil potential for liquefaction is usually assessed by the equivalent ground 
acceleration aeq and the SPT N values measured in the foundation soils.  A typical chart which 
may be used for soil liquefaction evaluation in which the equivalent acceleration is related to the 
equivalent SPT N65 of a given soil layer is shown in Figure 1 where.  
                                                               (1) 
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4. Experimental Program Details 
A geotechnical investigation consisting of drilling boreholes, performing cone penetration tests 
(CPT), and conducting laboratory tests on representative soil samples was carried out at Alhalfaya 
bridge east approach embankment site to determine their geotechnical properties the soils types 
studied.  
The geometry of the proposed embankment is of 12.0m maximum height, 1:2 (vertical: horizontal) 
side slopes, 30.0m top width and 78.0m bottom width.   
Figure 2 shows the locations of boreholes and CPT. The borehole and CPT depths reached the 
hard formation. Three boreholes were drilled to 14.5m to 16m depth using a continuous flighty 
auger Acker Co. and representative disturbed and undisturbed samples were taken from various 
soil depths. Standard penetration test (SPT) was performed in boreholes at 1.5m depth interval. 
The level of ground water table was also recorded during drilling of boreholes. Static cone 
penetration test (CPT) measures two soil parameters known as the cone resistance qc, and skin 
friction fs, in the field to estimate the bearing capacity and deformations of the foundation soils. The 
CPT used in this study was a 20 tons capacity static machine equipped with an adhesion friction 
jacket cone. 
Soil falling within zone I have 
a very high possibility of 
liquefaction  
Soil falling within zone II has 
a high possibility of 
liquefaction.  
Soils falling within zone III 
have a low possibility of 
liquefaction.  
 Soils falling within zone IV 
have a very low possibility 
of liquefaction.  
  
Figure 1 Assessment of ground acceleration aeq from equivalent N65 values [ref] 
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Figure 4 Location of boreholes and CPT points on investigated site. 
 
Typical borehole and CPT depth profiles of the soils tested in the study site are graphically 
illustrated in Figure 2. In addition to the field drilling and testing a program of laboratory testing was 
undertaken to classify the soil types encountered at the study site and determine the parameters 
required for the evaluation of their shear strength and consolidation characteristics. A concise 
summary of the laboratory test results obtained from the testing of embankment foundation soils is 
given in Table 1. 
 
5. Analysis and Discussion of Study Results  
In this section the soil profile (soil types and stratification), the safety of foundation soils and 
embankment against bearing capacity and settlement and slope stability and liquefaction 
probability are discussed for the naturally occurring soils before being subjected to any type of 
improvement.  
5.1 Soil Profile  
The borehole drilled revealed that the soil profile in the studied site comprised of a soft silty clay 
layer ranging from 1.0m to 3.0m in depth, underlain by a very loose to medium dense poorly 
gradedd fine to medium coarse silty sand or sandy silts extending considerably to a depth of about 
15.0m. These alluvial deposits rest directly on the highly weathered Nubian sandstone formation. 
The water table encountered at 6.0m depth from the ground level. 
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Figure 3  borehole profile, SPT and CPT Results 
 
 
 
 
 
 
 
 
 
 
5.2 Bearing Capacity of Foundation Soils 
To estimate the bearing capacity of the soils on which embankment was constructed, the test 
results obtained from the SPT, CPT and laboratory tests were used in the analysis. Three different 
methods of predicting the soil bearing capacity were     considered in this analysis including:   
(a)  Zein Method [8] 
Depth 
(m) 
Soil Types and 
groups 
1 silty Clay, CL 
2 silty Clay, CL 
3 Clayey silt, ML 
4 Clayey silt, ML 
5 silty Clay, CL 
6 
clayey silty sand, 
SM 
7 silty sand, SP 
8 silty sand, SP 
9 silty sand, SP 
10 
fine sand with 
afew gravel, SP 
11 
fine sand with 
afew gravel, SP 
12 
fine sand with 
afew gravel, SP 
13 
fine sand with 
afew gravel, SP 
14 
weathered 
limestone, CL 
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This method was developed for Sudanese fine grained clay and silt soils. The undrained shear 
strength, Su, of these soils has been empirically correlated to the CPT cone resistance, qc.  
(b) Meyerhof Method [9] 
Meyerhof proposed an empirical relation for the net allowable bearing capacity of foundation based 
on the cone penetration resistance (qc).  
(c)  Fugro Engineering Method [10] 
A CPT "simplified" method of calculation can be used for foundation design where "safe" bearing 
capacity can be estimated from cone resistance (qc).  
Figure 4 shows the variations of bearing capacity with depth for the naturally occurring sub-soils at 
the investigated site evaluated according to the above three different empirical prediction methods. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                              
It may be noted that down to the depth of about 9m below ground level, the allowable bearing 
capacity values are much lower than the actual stresses which are expected to be imposed on the 
foundation soils due to the construction of the embankment. The variations of the actual stresses 
with depth were also plotted in solid line on Fig. 4. 
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Fig. 4 Comparison allowable bearing capacity predicted using empirical methods with 
embankment stresses (a) before improvement and (b) after improvement.  
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5.3 Soil Settlement Due to Embankment Weight 
The elastic settlement of the granular soil layers was evaluated using the semi-empirical strain 
influence factor method proposed by Schmertmann [3] assuming that at any depth the modulus of 
elasticity (EZ) is twice the cone resistance (qc) measured in the CPT. According to the 
Schmertmann‟s settlement calculation method, the elastic component of the settlement was found 
to be 248mm.  
The consolidation settlement of cohesive soil layers was also computed using the test results 
obtained from consolidation tests of the soil samples and a maximum value of 690mm was 
estimated for the soil profile in BH1 which represents the worst case due to the occurrence of two 
relatively thick clay strata.  
With regard to the embankment material compression, the 12m high Alhalfaya bridge embankment 
under question is expected to settle about 60mm under its own weight based on Sherard et al.[4] 
recommendation.  
Therefore, the total settlement or the summation of the elastic and consolidation settlements in the 
foundation soil under the embankment plus the embankment body compression is anticipated to 
be 998mm which is a highly excessive value.  
5.4 Slope Stability of the Embankment Section 
The simple circular arc failure analysis was applied in this study and used to check the slope 
stability of the embankment section adopted for both homogeneous and heterogeneous soil 
conditions. Based on the assumption that a rigid, cylindrical block will fail by rotation about its 
center and that the angle of internal friction is zero in the silty clay layer i.e. the shear strength was 
considered to be due to cohesion only. The factor of safety was calculated by summing moments 
about the center of the circular surface and following the short cut procedure for the critical circle 
failure for the c-soils suggested by Fellenious [11]. The results of the slope stability analysis 
revealed that the lowest factor of safety equals to 1.43. 
5.5 Liquefaction of Foundation Soils During Earthquakes 
On the basis of comparison of the grain size distribution curves for soil samples taken from 
different borehole depths, it was found that the gradation curves for virtually all soil samples fall 
well in the middle of the boundaries of the envelopes specified for highly liquefiable soils based on 
the Japanese method [7]. 
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For an equivalent SPT  equals to 7.25 calculated from Equation (1) for measured SPT N-value 
of 9 blows/30cm the corresponding equivalent acceleration,  range between 0.76g and 0.95g 
for soils at the investigated site [12].According to Figure 3, for =7.25 and =76-95gall., the 
soils at the investigated site fall in zone I which indicates a very high potential of liquefaction and 
therefore are expected to liquefy during an earthquake if it occurs during the life time of the 
embankment. 
5.6 Summary 
Based on the above mentioned findings it was concluded that the proposed embankment will not 
be stable and/or safe if it has to be constructed on the soils under the naturally prevailing 
subsurface condition. Therefore, these soils have to be subjected to improvement or treatment 
such that they can support the proposed embankment safely and adequately against possible 
failure or risk due to inadequate bearing capacity, excessive settlement, slope instability or high 
probability of liquefaction.  
A theoretical analysis was undertaken to evaluate the effectiveness of the SCP method for the 
improving of the embankment foundation soils as discussed in the following section.      
6. Evaluation of the Sand Compaction Piles Technique for Improving Stability and 
Performance of Alhalfaya Bridge Eastern Approach Embankment. 
6.1 Sand Compaction Piles Design  
A theoretical design of the sand compaction piles (SCP) was undertaken with the intention to treat 
and improve the properties of the weak and compressible soils behavior prevailing at the study site 
as indicated in the previous section. The procedure described in the appendix to this paper was 
followed for the design of the required SCP configuration. The replacement area ratio  was 
found to be equal to 0.15. Assuming sand piles of 1.1m diameter and 2.5m spacing, the volume of 
sand required to be installed per unit depth,  will be equal to 0.938m3/m depth for the square 
pattern. 
6.2  Effect of SCP Installation on Soil Bearing Capacity  
For the soil bearing capacity evaluation, the bearing capacities of uniform clay ground and uniform 
sand piles are first calculated individually, then the bearing capacity of SCP improved ground is 
calculated by the weighted average of the bearing capacities of all piles using the replacement 
area ratio, . According to equations given in the appendix, the input data and assumptions were 
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made and subsequently used for the computations of the bearing capacity of the SCP improved 
soil strata for the particular case under consideration.      
The bearing capacity of natural soil layers located below 9m depth was greater than those 
corresponding to improved ground, thus the SCP improvement should not be extended beyond 
9.0m depth at this site.          
6.3  Effect of SCP on Foundation Soils Settlement  
The final consolidation settlement of improved ground is calculated by multiplying the final 
consolidation settlement of the original ground before improvement (S0 = 690mm for the case 
under consideration), with a reduction factor,  which a function of the soil fines content and the 
SPT N value. The value of the consolidation settlement reduction factor,  was calculated using 
the method described in the  
 for the SCP treated foundation soil and was found to be 0.65. Accordingly the total consolidation 
settlement anticipated to occur in the modified foundation strata due embankment weight will be 
448.5mm after applying a 35% reduction in the consolidation settlement after the improvement.  
The elastic settlement component of total settlement shall also decrease due to the increase in the 
CPT and SPT N-values expected after the improvement by SCP installation. 
6.4  Effect of SCP on Slope Stability of Embankment Section  
The stability analysis of SCP improved ground may be evaluated assuming a slip circle failure 
analysis in which shear strength of composite soil is incorporated [5]. Such an analysis was carried 
out for an assumed improved soil foundation and the factor of safety (FS) against sliding was 
found to be 3.64 according to the calculation method adopted.  This value of safety factor is much 
greater than that computed for the untreated soil foundation (FS=1.43) indicating a 155% degree 
of improvement in the slope stability of the embankment.  
6.5  Effect of SCP on Soil Liquefaction Potential  
The value of the modified equivalent SPT   was calculated according to equation 1 for the case 
of SCP improved soil profile conditions. According to the modified N-value of ( =29 
blows/30cm) and the corresponding , value [12], the improved soil falls in zone IV of Figure 1 
indicating that it has a very low potential for liquefaction during an earthquake event. This may be 
compared to the natural state soil conditions i.e. before treatment by SCP method identified as 
falling within zone I which has  very high possibility of liquefaction. 
7   Conclusions 
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This study investigates the suitability of the “sand compaction piles, SCP” method for improving the 
geotechnical characteristics of weak alluvial deposits under a high earth embankment without 
experiencing failure or undergoing successive soil deformations.   
A suitable SCP design was undertaken to improve the originally weak foundation soils properties 
through estimating the replacement area ratio, , required. It was found that a system of SCP of 
1.1m in diameter spaced at 2.5m for square pattern are capable of producing significant 
improvements in the stability and the anticipated future  performance of the 12m high embankment 
of Al Halfaya bridge eastern road approach.  
On the basis of the theoretical analyses carried out to compare the subsurface conditions and 
characteristics of the embankment foundation soils prevailing at the studied bridge site before and 
after SCP installation it was concluded that: 
i. The bearing capacity of foundation soils after the improvement was found to be 250 kN/m2, and 
the degree of improvement according to Zein‟s method [8] developed for local soils ranged 
between 30% and 370% for the different soil layers with an overall average of 190%.   
ii. The consolidation settlement improved ground, decreased by 35% after SCP treatment. 
Moreover, the elastic settlement shall also be decreased due to the expected increase in the 
CPT and SPT N-values after improvement. 
iii. The factor of safety for embankment side slopes stability of the improved ground increased by 
155% of the value computed for natural subsurface conditions.  
iv. The soil potential for liquefaction has been reduced considerably due to SCP installation such 
that the composite soils changed from highly liquefiable to that of a very low potential for 
liquefaction during an earthquake.      
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Appendix 
(A) Allowable Bearing Capacity of Natural and SCP Improved Soils 
 
The allowable bearing capacity of clay ground is given by the following expression: 
            
 The allowable bearing capacity of sandy ground is given by the following expression: 
            
 Allowable bearing capacity of improved ground: 
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(B)The SCP Design Procedure 
